Acute myocardial infarction (MI) is a major cause of death and heart failure worldwide[@b1]. In patients with ST-segment elevation acute MI, early reperfusion therapy is a standard strategy to limit MI size and has improved clinical outcomes over the past 3 decades. However, recent cohort studies suggest that the mortality of MI patients has not improved despite significant reductions in door-to-balloon time in the last decade[@b2]. It is well recognized that the reperfusion of coronary arteries paradoxically induces cardiomyocyte death, known as myocardial ischemia-reperfusion (IR) injury, for which several new therapeutic strategies are under investigation[@b3]. Myocardial IR induces the generation of reactive oxygen species, calcium overload, and rapid pH correction, all of which cause mitochondrial injury through the opening of the mitochondrial permeability transition pore (MPTP) and the activation of mitochondrial outer membrane permeabilization, leading to the necrosis and apoptosis of cardiomyocytes in the early phase (in several minutes) of IR injury. In the late phase of injury (over several hours), myocardial inflammation contributes to cardiomyocyte apoptosis and the healing of infarcted myocardium[@b3][@b4][@b5]. Recent reports suggest that the recruitment of inflammatory monocytes (Ly6C^high^CCR2^+^ in mice, CD14^high^CD16^−^ in humans) contributes to myocardial inflammation after MI[@b6][@b7][@b8], and endogenous angiotensin II and monocyte chemotactic protein-1 (MCP-1), a ligand for CCR2, play important roles in this process, suggesting their roles as potential therapeutic targets for IR injury[@b9][@b10][@b11].

In the present study, we employed irbesartan, an angiotensin II type 1 receptor (AT1R) blocker (ARB) that possesses a partial agonistic effect on a nuclear receptor peroxisome proliferator-activated receptor (PPAR)γ[@b12], as a therapeutic agent for IR injury. Previous studies have demonstrated that the ARB candesartan reduces myocardial inflammation by reducing the expression of pro-inflammatory cytokines such as IL-6, TNF-α and MCP-1 in cardiomyocytes after MI independent of any antihypertensive effect[@b13][@b14]. Importantly, PPARγ activation primes peripheral monocytes into macrophages with an anti-inflammatory phenotype[@b15] and reduces inflammatory chemokine expression and macrophage infiltration into injured organs[@b16][@b17], which suggests the potential anti-inflammatory effects of PPARγ activation in myocardial IR injury.

Although experimental studies have reported significant reduction of MI with therapeutic strategies designed to inhibit the inflammatory process, clinical studies targeting inflammation have failed to demonstrate any impact on clinical outcome in reperfusion-STEMI patients[@b18][@b19]. These discrepancies in the efficacy of anti-inflammatory therapies are attributed to an insufficient local drug concentration during a limited interventional time window, while administered at the time of reperfusion. Therefore, from a clinical perspective, it is essential to develop a drug delivery system (DDS) that facilitates delivery of clinically approved drugs to the sites of IR injury during reperfusion, a clinically feasible time point. Recently, we have developed a nanoparticle-mediated DDS using bioabsorbable poly-(lactic-co-glycolic acid) (PLGA) nanoparticles[@b20][@b21][@b22][@b23][@b24]. Nano-sized materials accumulate in injured tissues, including IR myocardium, where vascular permeability is enhanced[@b23][@b25][@b26][@b27] and were rapidly taken up by circulating monocytes and reticuloendothelial phagocytic organs after intravenous administration[@b11][@b22]. Thus, PLGA nanoparticles are a feasible DDS for myocardial IR injury targeting ischemic myocardium and inflammatory monocytes.

In the present study, we engineered PLGA nanoparticles that incorporate irbesartan (irbesartan-NP). We show that PLGA nanoparticles deliver the drug to the mononuclear phagocytic system and IR myocardium after intravenous injection at the time of reperfusion. We also demonstrate that irbesartan-NP limits IR injury by antagonizing the recruitment of Ly6C^high^CCR2^+^ inflammatory monocytes into the ischemic myocardium.

Results
=======

Ischemia-reperfusion recruits neutrophils and monocytes into the heart
----------------------------------------------------------------------

We induced IR injury in C57BL/6 mice and analyzed single-cell suspensions of digested IR heart at different time points ([Fig. 1A](#f1){ref-type="fig"}). CD11b^+^Lineage^+^ neutrophils and CD11b^+^Lineage^−^ monocytes/macrophages were present in IR hearts at 3, 6, 12, 24 and 48 hours after reperfusion ([Fig. 1B,C](#f1){ref-type="fig"}). Ly6C^high^ inflammatory monocytes dominated the monocyte population from 3 to 24 hours ([Fig. 1D](#f1){ref-type="fig"}), whereas Ly6C^low^ monocytes populated from 24 to 48 hours after IR ([Fig. 1E](#f1){ref-type="fig"}). We found that the majority of CD11b^+^Lineage^−^ cells are F4/80^+^Ly6C^low^ macrophages in the heart without ischemia ([Fig. 1F](#f1){ref-type="fig"}). After 48 hours of reperfusion, the IR hearts were infiltrated with 44 ± 8% F4/80^−^Ly6C^high^ inflammatory monocytes, 15 ± 2% F4/80^−^Ly6C^low^ monocytes, and 37 ± 8% F4/80^+^Ly6C^low^ macrophages ([Fig. 1F](#f1){ref-type="fig"}). The biphasic recruitment of the Ly6C^high^/Ly6C^low^ monocytes after myocardial IR was more rapid than that after MI[@b6], and we could confirm the presence of Ly6C^high^ inflammatory monocytes in the heart tissues during the time of the late phase of IR injury in this murine model.

Depletion of monocytes, but not neutrophils, reduced myocardial ischemia-reperfusion injury
-------------------------------------------------------------------------------------------

To determine the role of neutrophils- or Ly6C^high^ monocytes-mediated inflammation in myocardial IR injury, we examined whether the depletion of neutrophils or monocytes reduces myocardial IR injury in a murine model. Intraperitoneal treatment with an anti-Ly6G 1A8 monoclonal antibody selectively depleted neutrophils from the peripheral blood without affecting other leukocytes in mice ([Supplementary Fig. 1A](#S1){ref-type="supplementary-material"}). Pretreatment with anti-Ly6G decreased the numbers of neutrophils in the peripheral blood and the recruitment of neutrophils in the IR heart tissue 12 hours after reperfusion ([Fig. 2A,B](#f2){ref-type="fig"}). Importantly, the inhibition of neutrophil recruitment did not reduce infarct size 24 hours after reperfusion in this murine model ([Fig. 2C](#f2){ref-type="fig"}), suggesting that neutrophil may not be primary therapeutic target of IR injury in this model.

Because Ly6C^high^ inflammatory monocytes express high levels of CCR2 and because MCP-1/CCR2 signaling is a principal mediator of monocyte recruitment after MI[@b6][@b11], we examined the role of Ly6C^high^ monocytes in IR injury by the use of CCR2^−/−^ mice. We confirmed that peripheral blood monocytes were significantly decreased in CCR2^−/−^ mice without IR ([Supplementary Fig. 1B](#S1){ref-type="supplementary-material"}). Twelve hours after IR, the number of monocytes was significantly decreased in the blood and in the IR heart in CCR2^−/−^ mice ([Fig. 2D,E](#f2){ref-type="fig"}). We examined a time series of infarct size after reperfusion of various durations (3h, 12h, and 24h) in WT and CCR2^−/−^ mice. There was no difference in infarct size between WT and CCR2^−/−^ mice after 3 hours of IR, when early phase of IR injury (e.g. MPTP opening) has taken place. Importantly, the infarct size enlarges over 24 hours, and the infarct size was smaller in CCR2^−/−^ mice at 12 hours and 24 hours after IR ([Fig. 2F](#f2){ref-type="fig"}). These observations identify Ly6C^high^CCR2^+^ inflammatory monocyte, but not neutrophil, as a protagonist of cardiomyocyte death in the late phase of IR injury, and a potential therapeutic target for myocardial IR injury in this model.

PLGA nanoparticle as a drug delivery system for IR injury
---------------------------------------------------------

To investigate the biodistribution of PLGA-NP, we injected indocyanine green-incorporated nanoparticles (ICG-NP) in mice and traced with *ex vivo* fluorescence reflectance imaging (FRI). FRI revealed that ICG did not distribute in the normal heart; importantly, the heart after IR exhibited high ICG presence ([Supplementary Fig. 2A,B](#S1){ref-type="supplementary-material"}). ICG-NP also distributed in the liver, spleen and kidneys ([Supplementary Fig. 2C](#S1){ref-type="supplementary-material"}). Histological analysis of the IR heart after the treatment with FITC-NP revealed that FITC-NP distributed in cardiomyocytes in the infarct area and in the area at risk ([Fig. 3A](#f3){ref-type="fig"}). The magnified fluorescence microscopic images showed FITC signals in cardiomyocytes with clear cross striation ([Supplementary Fig. 3](#S1){ref-type="supplementary-material"}). We next examined FITC signals in the leukocytes 6 hours after treatment with FITC solution or FITC-NP at the time of reperfusion. Flow cytometric analysis revealed the uptake of FITC-NP in the neutrophils and monocytes in the blood, spleen and heart ([Fig. 3B](#f3){ref-type="fig"}). The incidence of FITC-positive cells was larger in monocytes (63 ± 7% in the blood, 59 ± 15% in the heart), than in neutrophils (23 ± 6% in the blood, 37 ± 11% in the heart). We also determined the plasma and tissue concentrations of irbesartan in the IR mouse model intravenously treated with irbesartan solution (3.0 mg kg^−1^) or irbesartan-NP (containing 3.0 mg kg^−1^ irbesartan) at the time of reperfusion. In the heart, irbesartan concentrations in the irbesartan-NP group were approximately 17-fold higher in ischemic myocardium compared with the irbesartan solution group 3 hours after IR ([Fig. 3C](#f3){ref-type="fig"}). Irbesartan-NP attained approximately 3-hold higher irbesartan concentrations in ischemic versus non-ischemic myocardium, whereas irbesartan solution equivalently distributed in ischemic and non-ischemic myocardium ([Supplementary Fig. 4](#S1){ref-type="supplementary-material"}, [Fig. 3C](#f3){ref-type="fig"}). In the spleen, irbesartan-NP attained higher irbesartan concentrations compared with irbesartan solution ([Fig. 3C](#f3){ref-type="fig"}). An *in vitro* analysis of irbesartan release kinetics showed an early burst of irbesartan release, in which approximately 90% of the total amount was released within 6 hours ([Supplementary Fig. 5](#S1){ref-type="supplementary-material"}). These data indicate that PLGA nanoparticles are a feasible DDS for myocardial IR injury targeting ischemic myocardium and inflammatory monocytes in this model.

Irbesartan-NP reduced myocardial IR injury by antagonizing monocyte-mediated inflammation
-----------------------------------------------------------------------------------------

PLGA-NP-mediated delivery of irbesartan to monocytes and IR myocardium may enhance anti-inflammatory and cardioprotective effects of irbesartan for IR injury. Indeed, intravenous treatment with irbesartan-NP at the time of reperfusion (containing 3.0 mg kg^−1^ irbesartan) significantly reduced the infarct size 24 hours after reperfusion, but saline, FITC-NP or irbesartan solution (3.0 mg kg^−1^) was ineffective ([Fig. 4A](#f4){ref-type="fig"}). We next examined the role of Ly6C^high^CCR2^+^ inflammatory monocytes in IR myocardium. Flow cytometric analysis 12 hours after reperfusion revealed that there were no differences in the number of total monocytes and Ly6C^high^CCR2^+^ inflammatory monocytes in the peripheral blood between two groups ([Fig. 4B,C](#f4){ref-type="fig"}, [Supplementary Fig. 6A](#S1){ref-type="supplementary-material"}). Importantly, irbesartan-NP significantly reduced the number of total monocytes and Ly6C^high^CCR2^+^ inflammatory monocytes in the heart ([Fig. 4B,C](#f4){ref-type="fig"}, [Supplementary Fig. 6B](#S1){ref-type="supplementary-material"}). These data suggested that irbesartan-NP inhibited the recruitment of monocytes to heart tissue from the peripheral blood.

We also performed *in vivo* fluorescence molecular tomography (FMT) imaging and *ex vivo* FRI to visualize and measure the protease activity in the heart after IR. We found that the inflammatory protease activity was markedly reduced in mice treated with irbesartan-NP (containing 3.0 mg kg^−1^ irbesartan) as compared with saline, whereas the same dose of irbesartan solution (3.0 mg kg^−1^) was ineffective, supporting the enhancement of drug efficacy by nanoparticle-mediated drug delivery ([Fig. 4D](#f4){ref-type="fig"}). The infarct-limiting effect of irbesartan-NP was independent of antihypertensive effect, because the treatment with this dose of irbesartan-NP, saline or irbesartan solution did not affect systolic blood pressure after 6 and 24 hours of reperfusion ([Supplementary Table 1](#S1){ref-type="supplementary-material"}). Echocardiography showed that irbesartan-NP, but not saline or irbesartan, ameliorated the enlargement of left ventricular dimension, and the decrease in left ventricular ejection fraction (LVEF) and LV fraction shortening (LVFS) 3-week after IR ([Supplementary Table 2](#S1){ref-type="supplementary-material"}).

Irbesartan-NP reduced myocardial IR injury via a PPARγ-dependent mechanism
--------------------------------------------------------------------------

To explore the role of AT1R in cardioprotection, we examined the myocardial infarct size in WT and AT1aR-deficient mice and observed that the infarct size was equivalent between the WT and AT1aR-deficient mice 24 hours after IR ([Fig. 5A](#f5){ref-type="fig"}). Interestingly, irbesartan-NP was nevertheless effective in reducing the infarct size even in AT1aR-deficient mice ([Fig. 5A](#f5){ref-type="fig"}), suggesting an AT1aR-independent effect of irbesartan-NP. By contrast, the infarct-limiting effect of irbesartan-NP was abrogated by the pretreatment with a PPARγ antagonist GW9662 ([Fig. 5B](#f5){ref-type="fig"}), highlighting a role of PPARγ activation. Irbesartan-NP activated PPARγ DNA binding in the nuclear extract from the ischemic myocardium, and systemic pretreatment with GW9662 prevented irbesartan-NP-induced PPARγ activation ([Fig. 5C](#f5){ref-type="fig"}). PPARγ is known to repress NF-κB, which regulates inflammatory genes including MCP-1 in monocytes/macrophages[@b20][@b28][@b29]. Treatment with irbesartan-NP decreased NF-κB-DNA binding activity in the ischemic myocardium, which was reversed by the pretreatment with GW9662 ([Fig. 5D](#f5){ref-type="fig"}). Immunohistochemical analysis revealed that irbesartan-NP reduced IR-induced MCP-1 expression in the area at risk, which was again reversed by GW9662 ([Fig. 5E,F](#f5){ref-type="fig"}). These results suggested PPARγ-mediated anti-inflammatory mechanisms exerted by irbesartan-NP during the reduction of myocardial IR injury.

The role of Ly6C^high^CCR2^+^ monocytes on the infarct-limiting effect of irbesartan-NP
---------------------------------------------------------------------------------------

We tested the chemotactic activity of treated THP-1 monocytes in response to MCP-1 by chemotaxis assay. Irbesartan-NP inhibited MCP-1-induced chemotaxis in a dose-dependent manner ([Fig. 6A](#f6){ref-type="fig"}). Next, we examined the infarct-limiting effect of irbesartan-NP in CCR2^−/−^ mice that exhibit smaller infarct size compared with wild type mice ([Fig. 2D--F](#f2){ref-type="fig"}). Importantly, irbesartan-NP did not show further reduction of IR injury in CCR2^−/−^ mice ([Fig. 6B](#f6){ref-type="fig"}), indicating that CCR2-dependent recruitment of inflammatory monocytes is the therapeutic target of irbesartan-NP. We also examined the infarct-limiting effect of irbesartan-NP in Langendorff perfusion mice hearts subjected to ischemia and reperfusion. There were no significant differences between vehicle group and irbesartan-NP group in Langendorff perfusion hearts ([Fig. 6C](#f6){ref-type="fig"}), supporting the notion that irbesartan-NP reduced myocardial IR injury through the inhibition of monocyte-mediated inflammation. Finally, we examined the interaction of mitochondria injury with cardioprotection by irbesartan-NP. Treatment with irbesartan-NP did not reduce cytochrome c leakage from the mitochondria into the cytosol 60 minutes after IR, whereas pretreatment with cyclosporine A, an inhibitor of the MPTP, significantly reduced cytochrome c release into cytosolic fraction after IR ([Fig. 6D](#f6){ref-type="fig"}). These data suggest that the therapeutic effects of irbesartan-NP are independent of the mitochondrial pathway of IR injury that might contribute to the early phase of myocardial IR injury.

Discussion
==========

The novel findings of the present study are as follows; 1) Ly6C^high^CCR2^+^ monocytes, but not neutrophils, play a detrimental role in myocardial IR injury in a mouse model; 2) PLGA-NP delivers a drug to the mononuclear phagocytic system and IR myocardium after intravenous injection at the time of reperfusion; and 3) PLGA nanoparticle-mediated delivery of irbesartan protects the hearts from IR injury via PPARγ-dependent anti-inflammatory mechanisms and ameliorated left ventricular remodeling.

Myocardial IR initiates several molecular mechanisms such as a production of reactive oxygen species, a calcium overload, and a pH correction, which lead to mitochondrial injury and myocardial hypercontracture[@b30]. Mitochondrial injury mediated by the opening of MPTP is a major mechanism of myocardial IR injury in the early phase of IR injury. MPTP opening causes the rupture of mitochondrial membrane, cytochrome c leakage to the cytosol, and cardiomyocyte deaths; therefore, mitochondrial injury has been an important therapeutic target of the treatment for myocardial IR injury. Indeed, a phase 3 Does Cyclosporine Improve Clinical Outcome in ST Elevation Myocardial Infarction Patients (CIRCUS) trial has been carried out recently in patients with anterior ST-elevation acute MI who had been referred for primary percutaneous coronary intervention, although the treatment with intravenous cyclosporine, an inhibitor of MPTP, did not result in better clinical outcomes[@b31].

Leukocytes, especially neutrophils and monocytes, are recruited to the areas of injury immediately after ischemia[@b32] and accumulate into the myocardium after IR in several animal models and myocardial infarction in humans[@b6][@b8][@b33]. The contribution of inflammation to myocardial IR injury, however, has been questioned because of the failures of anti-inflammatory therapies ([Supplementary Table 3](#S1){ref-type="supplementary-material"}). In this study, we could confirm the recruitment of neutrophils and Ly6C^high^CCR2^+^ inflammatory monocytes 3--24 hours after IR, followed by Ly6C^low^ monocytes (24--48 hours after IR) in the mouse model used in this study ([Fig. 1](#f1){ref-type="fig"}). Previous studies have demonstrated the contribution of neutrophils in myocardial IR injury by the use of a leukocyte filter, polymorphonuclear neutrophils (PMN) antiserum, antibodies against CD18, CD11, intercellular adhesion molecule (ICAM)-1, P-selectin, Saily Lewis^x^ Analogue, cyclooxygenase inhibitors, and other methods ([Supplementary Table 3](#S1){ref-type="supplementary-material"}). However, these interventions are not specific to neutrophils, and the most target molecules are also expressed in monocytes. Three studies by Romson[@b34], Jolly[@b35], and Chatelain[@b33] have reported neutrophil depletion without affecting monocytes using anti-PMN serum in canine myocardial IR models; however, the reduction of infarct size was inconsistent ([Supplementary Table 3](#S1){ref-type="supplementary-material"}). Therefore, the role of neutrophils in IR injury remains controversial[@b36]. In this study, antibodies against Ly6G, a neutrophil-specific differentiation marker, depleted neutrophils without affecting other types of leukocytes in mice ([Supplementary Fig. 1A](#S1){ref-type="supplementary-material"}), in accordance with previous reports[@b37]. Importantly, treatment with an anti-Ly6G antibody reduced neutrophil infiltration into the heart after IR but did not reduce the infarct size, suggesting a negligible role of neutrophils in IR injury in the mouse model used in this study ([Fig. 2A--C](#f2){ref-type="fig"}).

Recent reports suggest that the recruitment of Ly6C^high^ inflammatory monocytes contributes to myocardial inflammation after MI[@b6][@b7][@b38]. In this study, we found that Ly6C^high^ monocytes dominate (approximately 80%) the monocytes recruited into the heart during first 24 hours of IR injury ([Fig. 1D,E](#f1){ref-type="fig"}) and that CCR2 deficiency reduced the recruitment of Ly6C^high^ monocytes by approximately 90% and reduced the infarct size as well ([Fig. 2E,F](#f2){ref-type="fig"}). Time series analysis of infarct size ([Fig. 2F](#f2){ref-type="fig"}) showed delayed enlargement of infarct size and the differences in the infarct size between CCR2^−/−^ and WT mice at 12 and 24 hours after IR, which suggest the contribution of monocyte-mediate inflammation to myocardial IR injury in the late phase. These observations suggest that Ly6C^high^CCR2^+^ inflammatory monocytes, but not neutrophils, are the central therapeutic target for myocardial inflammation and IR injury in this model. Relative contributions of different mechanisms of myocardial injury including mitochondrial injury and inflammation need to be clarified in a future study.

FITC-loaded PLGA nanoparticles were incorporated in circulating neutrophils and monocytes and delivered preferentially into ischemic myocardium ([Fig. 3A,B](#f3){ref-type="fig"}, [Supplementary Fig. 3](#S1){ref-type="supplementary-material"}). The incidence of FITC-positive cells was larger in monocytes than in neutrophils 6 hours after intravenous administration ([Fig. 3B](#f3){ref-type="fig"}). The differences may reflect a shorter half-life of neutrophil (approximately 6 hours)[@b39] and monocytes (more than days)[@b40]. Monocytes exhibited a prominent uptake of FITC-NP, increasing the FITC fluorescence intensity in the heart, approximately 25-fold compared with FITC solution ([Fig. 3B](#f3){ref-type="fig"}). Along with FITC-NP distribution, irbesartan concentrations determined in mice treated with irbesartan solution or irbesartan-NP ([Fig. 3C](#f3){ref-type="fig"}) suggest that PLGA nanoparticles modulate the *in vivo* kinetics of irbesartan through a delivery to ischemic cardiomyocytes via enhanced vascular permeability[@b25][@b27]. Nanoparticles are also taken up by mononuclear phagocytic systems, including circulating neutrophils and monocytes, and splenic monocytes/macrophages that are potential sources of Ly6C^high^ monocytes recruited to IR myocardium[@b7][@b11]. We have previously demonstrated that monocytes/macrophages exhibited strong uptake of FITC-NP *in vivo* and *in vitro*[@b22]. Thus, PLGA nanoparticles are a feasible DDS to target the ischemic myocardium and inflammatory monocytes after IR, with payloads for cardioprotection.

To translate this nanotechnology-based DDS into clinical medicine, we developed PLGA nanoparticles loaded with irbesartan, an ARB with partial PPARγ agonistic activity, to regulate inflammation after myocardial IR. A previous study reported that small interfering RNAs (siRNAs) against CCR2 delivered in lipid nanoparticles can experimentally reduce myocardial infarct size in mouse model of myocardial ischemia reperfusion[@b11], suggesting the feasibility of targeting CCR2^+^ inflammatory monocytes; however, chemicals including irbesartan possess superior stability to siRNA especially *in vivo*, raising the possibility of clinical development. From a translational aspect, the timing of administration is also important. Several animal studies employed the pretreatment of therapeutic agents before the induction of IR[@b5], whereas the pretreatment is often difficult to perform in clinical trials and practice. In this study, we demonstrated that the intravenous injection of PLGA nanoparticles at the time of reperfusion is a feasible DDS for the treatment of myocardial IR injury. Nanoparticulation attained approximately 17 -fold higher irbesartan concentrations in the IR myocardium 30-min after reperfusion and enhanced cardioprotective effects of irbesartan, proving the concept. A 7-day pretreatment with oral irbesartan (50 mg kg^−1^ day^−1^)[@b41] reduced the infarct size by a similar degree with a single injection of irbesartan-NP ([Supplementary Fig. 7](#S1){ref-type="supplementary-material"}), supporting the efficacy of PLGA nanoparticles as a DDS.

PLGA nanoparticles are well-established drug carriers that optimize pharmacokinetics with biosafety approval for human use by the US Food and Drug Administration (FDA)[@b27][@b42]. PLGA nanoparticles have been tested as a DDS for tumors previously[@b27][@b43]. In those studies, uptake of PLGA nanoparticles by leukocytes in reticulo-endothelial organs reduced circulating time and delivery to tumors, which were overcome by surface modification with poly (ethylene glycol). In this study, PLGA nanoparticles without surface modification were delivered to circulating and splenic leukocytes as well as ischemic myocardium. As spleen is a source of monocyte recruitment to injured myocardium[@b38], this passive delivery of PLGA nanoparticles was purposive as a DDS for myocardial IR injury.

We employed emulsion solvent diffusion method to produce irbesartan-NP that does not modify the chemical structures of incorporating irbesartan and PLGA. Although PLGA nanoparticles clearly increase irbesartan concentration in the ischemic myocardium and the spleen, and enhanced therapeutic efficacy of irbesartan, this composition of nanoparticle may compromise the specificity of delivery and the retardation of drug release, potential advantages of PLGA nanoparticle as a drug carrier[@b27][@b43]. From *in vitro* drug release study, approximately 90% of irbesartan was released to physiological solution within 6 hours ([Supplementary Fig. 5](#S1){ref-type="supplementary-material"}), before decomposition of PLGA nanoparticles via hydrolysis, which takes approximately 14 days at 32°C and pH 7.4[@b44]. Although one of the original purposes of nanoscale drug delivery system was a slow release of its content, PLGA nanoparticles exhibits initial fast release of the content[@b27], and the foregoing fast release of irbesartan was reasonable for the treatment of AMI, in which mitochondrial injury and the initiation of inflammatory response occurs within several minutes. We also took advantage of its delivery to phagocytes, which was originally considered as a disadvantage for the treatment of cancers[@b27], but now found effective to regulate monocyte-mediated inflammation in myocardial ischemia-reperfusion injury in AMI. Another rationale of the use of this nanoparticle composition is excellent safety profiles of unmodified irbesartan, an approved antihypertensive drug, and PLGA in the development as a new drug. Indeed, PLGA nanoparticles containing pitavastatin (an HMG-CoA reductase inhibitor) produced with the same process has been investigated by the Japanese regulatory agency (Pharmaceuticals and Medical Devices Agency, PMDA), and we have started phase I/IIa investigator's initiated clinical trial in the Kyushu University Hospital (clinical trial registry ID: UMIN000008011), investigating the efficacy of PLGA nanoparticle-mediated delivery of pitavastatin in patients with critical limb ischemia. Irbesartan is clinically approved and has been widely used for the treatment of hypertension and hypertension-related cardiovascular end-organ diseases. Therefore, irbesartan-NP is a new therapeutic agent with high efficacy and safety for myocardial IR injury, which is readily translatable into clinical trials.

In this study, Irbesartan-NP did not reduce cytochrome c leakage from mitochondria to the cytosol 60 minutes after IR, which was reduced by a pretreatment with cyclosporine A that binds to cyclophilin D, a critical component of MPTP ([Fig. 6D](#f6){ref-type="fig"}). Additionally, irbesartan-NP failed to show direct protective effect in Langendorff perfusion hearts ([Fig. 6C](#f6){ref-type="fig"}), excluding the possibility that irbesartan-NP may act on MPTP opening-associated cardiomyocyte death. Targeting inflammation that contributes in the late phase may widen therapeutic window, however, earliest administration of irbesartan-NP might be beneficial, because the infiltration of inflammatory cells starts immediately after ischemia[@b32]. Myocardial inflammation contributes to cardiomyocyte apoptosis and the healing of infarcted myocardium in the late phase of IR injury. In this study, cardioprotection by irbesartan-NP was associated with an inhibition of Ly6C^high^CCR2^+^ inflammatory monocytes recruitment into IR myocardium.

The infarct-limiting effect of irbesartan-NP was abrogated by the pretreatment with a PPARγ antagonist GW9662 ([Fig. 5B](#f5){ref-type="fig"}), indicating that irbesartan-NP reduced myocardial IR injury through mainly PPARγ pathway. Irbesartan-NP reduced MCP-1 expression in the myocardium ([Fig. 5E,F](#f5){ref-type="fig"}) and inhibited chemotactic activity toward MCP-1 in cultured monocytes ([Fig. 6A](#f6){ref-type="fig"}), both of which are attributable to PPARγ-mediated transrepression of NF-κB[@b28][@b29]. Importantly, irbesartan-NP was no longer effective in CCR2^−/−^ mice and Langendorff perfusion hearts ([Fig. 6B,C](#f6){ref-type="fig"}), suggesting that the inhibition of Ly6C^high^CCR2^+^ inflammatory monocytes recruitment is a primary mechanism of cardioprotection by irbesartan-NP. PPARγ is known to regulate macrophage polarity toward Ly6C^low^ anti-inflammatory monocytes/macrophages, which is potentially relevant to inflammation healing. A recent study by the authors' group has tested the effects of PLGA nanoparticles containing a PPAR-γ agonist pioglitazone in an atherosclerotic mouse model and found that pioglitazone-nanoparticles induced M2 macrophage polarity shift in the atherosclerotic lesions[@b45]. Irbesartan-NP might also induce Ly6C^low^ monocytes/anti-inflammatory M2 macrophages, and facilitate inflammation resolution and healing in this model. However, flow cytometric analysis 12 hours after reperfusion revealed that there were no differences in the number of Ly6C^low^ monocytes/macrophages in the IR myocardium between two groups ([Supplementary Fig. 6](#S1){ref-type="supplementary-material"}).

A previous study[@b38] has shown the role of AT1 receptor in monocyte recruitment from spleen after experimental myocardial infarction in mice, for which pretreatment with angiotensin converting enzyme inhibitor enalapril or ARB losartan reduced monocyte recruitment. Rodents express AT1a and AT1b. AT1a is dominant over AT1b in most cardiovascular tissues[@b46], therefore, AT1a-deficient mice are widely used to characterize cardiovascular effects of angiotensin receptor blockers. In this study on myocardial IR injury, we found that the infarct size was unaffected by AT1aR deficiency, and that the infarct-limiting effect of irbesartan-NP was independent of AT1aR blockade, as indicated from the experiments in AT1aR^−/−^ mice ([Fig. 5](#f5){ref-type="fig"}). The difference may owe to the different degrees of myocardial injury and thereby proinflammatory mediators (damage-associated molecular patterns, chemokines, angiotensin II, etc.)[@b38][@b47]. Previous study has reported that infarct size reduction by candesartan through a cascade of AT2 receptor activation in pig myocardial IR model[@b48]. Although the therapeutic effect of irbesartan-NP was mediated by CCR2, and was independent of AT1aR in this study ([Fig. 5](#f5){ref-type="fig"}), the contribution of AT2R in monocyte mobilization may explain the different migration patterns of Ly6C^high/low^ monocytes, and may be a potential therapeutic target of nanoparticle-mediated drug delivery. Further study is needed to clarify the role of AT2R. The inhibition of left ventricular remodeling by irbesartan-NP may be attributed to the reduction of infarct size itself, and AT1R blockade[@b49] by irbesartan-NP, although the relative importance of these mechanisms is unclear.

There are limitations in the present study. First, mice are not a suitable system to assess microvascular dysfunction or the 'no-reflow phenomenon' during IR injury, which may alter reperfusion itself as well as infarct size in large animal models and humans[@b50]. Preclinical studies are needed in large animals to proceed to the investigation of irbesartan-NP in humans[@b51]. Second, we only adopted the protocol of intravenous administration of irbesartan at the indicated dose. This dose of irbesartan (3.0 mg kg^−1^) is the maximum dose that can be administered intravenously in this mouse model due to its solubility. Preclinical studies are needed in large animals to determine the dose for optimal safety and efficacy of irbesartan-NP. Third, FITC-NP was prepared without chemical conjugation of fluorescein and PLGA, which might compromise the specificity of the tracing of PLGA nanoparticles by the release of FITC from PLGA nanoparticles. FITC-NP qualitatively characterized the distribution of PLGA nanoparticles in leukocytes in the circulation, spleen and IR heart by histology and flow cytometry ([Fig. 3A,B](#f3){ref-type="fig"}), and the preferential distribution of PLGA nanoparticles in IR myocardium compared to non-ischemic myocardium was confirmed by tissue concentration of irbesartan ([Fig. 3C](#f3){ref-type="fig"}).

In conclusion, this study identified inflammatory monocytes as an essential therapeutic target in myocardial IR injury, and demonstrated the feasibility of PLGA nanoparticle-mediated DDS for the treatment of myocardial IR injury, and the proof-of-concept results of irbesartan-NP in a murine model of myocardial IR injury. This nanoparticle-based technology may advance current unsatisfactory reperfusion therapy for AMI.

Methods
=======

Additional details of the experimental procedure are provided in the online-only Data Supplement.

Mouse myocardial IR injury model
--------------------------------

Adult male C57BL/6J mice (9--13 weeks old) (CLEA Japan, Inc), AT1aR-defecient mice on C57BL/6J background (gift from Dr. Hiroyuki Yamada, Kyoto Prefectural University School of Medicine)[@b52] and CCR2^−/−^ mice on C57BL/6J and 129/svjae hybrids background[@b53] were used in this study. The myocardial IR model was based on previously described methods[@b54][@b55]. Additional details are provided in the online-only Data Supplement.

Experimental protocol
---------------------

The study protocol was reviewed and approved by the Committee on the Ethics of Animal Experiments, Kyushu University Graduate School of Medical Science and was conducted in accordance with the Animal Physiological Society guidelines. The 8 sets of animal experiments are described in the online-only Data Supplement.

Preparation of PLGA nanoparticles
---------------------------------

PLGA nanoparticles encapsulated with fluorescein isothiocyanate (FITC; Dojin Chemical, Tokyo, Japan) (FITC-NP), indocyanine green (ICG; Tokyo Chemical Industry Co. Ltd., Tokyo, Japan) (ICG-NP) and irbesartan (Shionogi & Co. Ltd., Osaka, Japan) (irbesartan-NP) were prepared using an emulsion solvent diffusion method, as previously reported[@b22][@b56].

Additional details can be found in the online-only Data Supplement.

Distribution of FITC-nanoparticles
----------------------------------

The distribution of FITC-NP in the peripheral blood leukocytes was analyzed with a FACSCalibur cytometer (Becton Dickinson Biosciences). The heart was harvested and fixed in 10% phosphate-buffered formalin (pH 7.4), and the distribution of FITC-NP was analyzed in 5-μm OCT-embedded sections. Additional details can be found in the online-only Data Supplement.

Histological and immunohistochemical analyses
---------------------------------------------

Histological and immunohistochemical evaluations were performed to examine the PPARγ-dependent anti-inflammatory mechanisms. The ischemic hearts after reperfusion were stained MCP-1. Additional details are provided in the online-only Data Supplement.

Western blot analysis
---------------------

Homogenates of IR myocardium were analyzed with immunoblotting. At predetermined time points, ischemic myocardium was isolated and analyzed as previously reported[@b57]. Additional details can be found in the online-only Data Supplement

PPARγ and NF-κB activity in myocardium
--------------------------------------

Nuclear extracts were prepared from the myocardium homogenates using a nuclear extract kit (NE-PER Nuclear and Cytoplasmic Extraction Reagents; Thermo Fisher Scientific Inc., Rockford, IL) according to the manufacturer's instructions. The protein was measured using a BCA Protein Assay kit (Thermo Fisher Scientific Inc.). PPARγ and NF-κB activation were assayed using an ELISA-based PPARγ activation TransAM kit (Active Motif, Rixensart, Belgium) and an ELISA-based NF-κB activation TransAM kit (Active Motif, Rixensart, Belgium), which were used according to the manufacturer's instructions. Additional details are provided in the online-only Data Supplement.

Flow cytometry
--------------

Leukocytes from peripheral blood, the heart and spleen were obtained from mice and analyzed with FACS Calibur (BD Biosciences, San Jose, CA, USA). Additional details are described in the online-only Data Supplement.

Measurements of irbesartan concentrations in the plasma and tissues
-------------------------------------------------------------------

Irbesartan concentrations in the plasma and tissues were measured at predetermined time points by liquid chromatography coupled to tandem mass spectrometry (LC/MS/MS). Additional details can be found in the online-only Data Supplement.

Chemotaxis assay
----------------

The chemotactic activity of THP-1 cells in response to MCP-1 was measured in a 96-well microchemotaxis Boyden chamber (ChemoTx; Neuroprobe), as described previously[@b58]. Additional details are provided in the online-only Data Supplement.

Statistical analysis
--------------------

Data are expressed as the mean ± SD or SEM. Differences were statistically analyzed by ANOVA followed by post-hoc Bonferroni's multiple comparison tests. Differences between the two groups were analyzed with using an unpaired *t-test.* Any *P* value less than 0.05 was considered significant.
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![Ischemia-reperfusion mobilizes neutrophils and monocytes/macrophages to the heart.\
(**A**) Flow cytometric analysis of blood neutrophils and monocytes/macrophages. Monocytes/macrophages were identified as CD11b^high^Lineage^low^Ly6C^high/low^, and neutrophils were identified as CD11b^high^Lineage^high^. Lineage refers to the combination of CD90, B220, CD49b, NK1.1 and Ly6G monoclonal antibodies. (**B**) Representative histograms from individual mice within the CD11b^high^ Myeloid cells gate depict neutrophils and monocytes/macrophages in healthy hearts and within the heart at specified times after IR. Column graphs illustrate the total number of neutrophils per heart (N = 4 mice per group). (**C**) Representative histograms from individual mice within the monocytes/macrophages cell gate depict Ly6C^high^ and Ly6C^low^ monocytes in healthy hearts and within the heart at specified times after IR. Column graphs illustrate the total number of monocytes/macrophages per heart (N = 4 mice per group). (**D**) The percentage of Ly6C^high^ monocytes/macrophages and the total number of Ly6C^high^ monocytes/macrophages per heart. (**E**) The percentage of Ly6C^low^ monocytes/macrophages and the total number of Ly6C^low^ monocytes/macrophages per heart. (**F**) Flow cytometry of leukocytes in the healthy hearts and hearts 48 h after IR injury. Red gate shows the population of macrophages (CD11b^high^Lineage^low^F4/80^high^Ly6C^low^ cells). The percentage and the number of macrophages, Ly6C^high^ monocytes and Ly6C^low^ monocytes per CD11b^high^Lineage^low^ cells in IR heart. Data are expressed as the mean ± SEM (N = 4 mice). All results are average of three replicates. IR: ischemia reperfusion, FCM: flow cytometry, Mφ: macrophage, Mono: monocyte.](srep29601-f1){#f1}

![The role of neutrophil- or monocyte-mediated inflammation in myocardial IR injury.\
(**A,B**) The flow cytometric analysis demonstrates that pretreatment with an anti-Ly6G 1A8 monoclonal antibody decreased the number of neutrophils in the peripheral blood and the heart after 12 hours of reperfusion (N = 4 per group). (**C**) Pretreatment with anti-Ly6G antibody did not reduce infarct size 24 hours after reperfusion (N = 8 mice per group). (**D,E**) The number of monocytes in the blood and the heart after 12 hours of reperfusion was significantly reduced in CCR2^−/−^ mice compared with CCR2^+/+^ mice (N = 5 mice per group). (**F**) The time series of infarct size assessment after reperfusion of various durations (3 h, 12 h, 24 h after IR) on WT mice and CCR2^−/−^ mice (N = 6--8 mice per group). Data are expressed as the mean ± SD. Data are compared using the unpaired *t*-test. All results are average of three replicates. NS: not significant. SSC: side scatter, FSC: forward scatter.](srep29601-f2){#f2}

![PLGA nanoparticles as a drug delivery system for IR injury.\
(**A**) Representative light (upper left) and fluorescence (upper right) stereomicrographs of whole hearts 3 hours after intravenous injection of FITC-NP. Fluorescence photomicrographs (lower panels) of cross-sections from hearts treated with saline, FITC solution and FITC-NP. Green indicates FITC, and red indicates nuclei (PI). Scale bar: 20 μm. Column graphs illustrate quantification of the FITC mean fluorescence intensity (MFI) in the area at risk and non-ischemic area. Data shown as mean ± SD (N = 4 mice per group). Data are compared using one-way ANOVA followed by Bonferroni's multiple comparison tests. (**B**) Histograms illustrate the uptake of FITC-NP (red) in the respective cells (columns) and organs (rows). Column graphs illustrate quantification of the FITC MFI in the respective cells. Data shown as mean ± SD (N = 5 mice per group). The percentages of FITC-positive cells is reported as mean ± SEM (N = 3 mice per group). (**C**) Plasma, myocardial tissue (area at risk, non-ischemic area) and spleen concentrations of irbesartan after 30 minutes, 3 hours and 24 hours of intravenous injection of irbesartan alone or irbesartan-NP. Data shown as mean ± SD (N = 4--5 mice per group). \*P \< 0.05 vs. saline, \*\*P \< 0.01 vs. saline using one-way ANOVA followed by Bonferroni's multiple comparison tests. ^†^P \< 0.05 vs. irbesartan solution, ^††^P \< 0.01 vs. irbesartan solution using two-way ANOVA followed by Bonferroni's multiple comparison tests. All results are average of three replicates. NS: not significant.](srep29601-f3){#f3}

![The anti-inflammatory effect of irbesartan-NP on IR injury.\
(**A**) The effects of saline, FITC-NP, irbesartan alone and irbesartan-NP on infarct size after IR. Data are expressed as the mean ± SD (N = 8 mice per group). Data are compared using one-way ANOVA followed by Bonferroni's multiple comparison tests. (**B**) Flow cytometric analysis of the leukocytes in IR hearts treated with empty-NP and irbesartan-NP. (**C**) The number of Ly6C^high^ monocytes in the peripheral blood and the IR hearts after 12 hours of reperfusion. Data are expressed as the mean ± SD (N = 5 mice per group). Data are compared using the unpaired *t*-test. (**D**) Coronal FMT image acquired 24 hours after injection of Prosense-680 and demonstrates strong fluorescence in the cardiac region of IR mice. FRI imaging of the sections of heart 48 hours after IR. Scale bar: 10 mm. (**E**) Quantification of Prosense-680 activation 48 hours after IR. Data are reported as the mean ± SD (N = 5 mice per group). Data are compared using the ANOVA followed by Fisher's *t*-test. All results are average of three replicates. FMT: fluorescence molecular tomography, FRI: fluorescence reflectance imaging, NS: not significant.](srep29601-f4){#f4}

![The therapeutic effect of irbesartan-NP was mediated largely through the PPARγ pathway.\
(**A**) The infarct size after IR between WT mice and AT1aR deficient mice and the effect of irbesartan-NP on IR injury in AT1aR deficient mice. Data are expressed as the mean ± SD (N = 8 mice per group). Data are compared using one-way ANOVA followed by Bonferroni's multiple comparison tests. (**B**) The effects of the PPARγ antagonist GW9662 on the therapeutic effects of irbesartan-NP on MI size. Data are expressed as the mean ± SD (N = 8 mice per group). Data are compared using one-way ANOVA followed by Bonferroni's multiple comparison tests. (**C**) PPARγ activation in ischemic myocardium 6 hours after reperfusion. Data are compared using one-way ANOVA followed by Bonferroni's multiple comparison tests. (**D**) NF-κB activation in ischemic myocardium 6 hours after reperfusion. Data are compared using one-way ANOVA followed by Bonferroni's multiple comparison tests. (**E**) Representative photomicrographs of cross-sections from IR myocardium stained with MCP-1. (**F**) Quantitative assessment of MCP-1 expression in ischemic myocardium 12 hours after reperfusion. Data are expressed as the mean ± SD (N = 6 mice per group). Data are compared using one-way ANOVA followed by Bonferroni's multiple comparison tests. All results are average of three replicates. Scale bar: 20 μm. IR: ischemia reperfusion, MI: myocardial infarction, NS: not significant.](srep29601-f5){#f5}

![The role of inflammatory monocytes on the effects of irbesartan-NP.\
(**A**) The effects of irbesartan-NP on MCP-1 induced monocyte chemotaxis in THP-1 cells. Data are reported as the mean ± SD (N = 6 per group). Data are compared using one-way ANOVA followed by Bonferroni's multiple comparison tests. (**B**) The effects of irbesartan-NP on IR injury in CCR2^−/−^ mice. Data are expressed as the mean ± SD (N = 8 mice per group). Data are compared using the unpaired *t*-test. (**C**) The effects of irbesartan-NP on Langendorff perfusion mice hearts subjected to ischemia and reperfusion. Data are expressed as the mean ± SD (N = 8 per group). Data are compared using the unpaired *t*-test. (**D**) The effects of irbesartan-NP on cytosolic cytochrome c in IR myocardium 30 minutes after reperfusion. Data are expressed as the mean ± SD (N = 6 mice per group). Data are compared using one-way ANOVA followed by Bonferroni's multiple comparison tests. All results are average of three replicates. IR: ischemia reperfusion, NS: not significant.](srep29601-f6){#f6}
